Alterations in lipid metabolism have been reported in many types of cancer. Lipids have been implicated in the regulation of proliferation, differentiation, apoptosis, inflammation, autophagy, motility and membrane homeostasis. It is required that their biosynthesis is tightly regulated to ensure homeostasis and to prevent unnecessary energy expenditure. This review focuses on the emerging understanding of the role of lipids and lipogenic pathway regulation in breast cancer, including parallels drawn from the study of metabolic disease models, and suggestions on how these findings can potentially be exploited to promote gains in HER2/neu-positive breast cancer research. This article is part of a Special Issue entitled Lipid Metabolism in Cancer.
Introduction
Lipid biosynthesis is tightly coupled with regulatory signaling pathways to achieve appropriate growth and proliferation throughout development and homeostatic maintenance in the developed organism [1] . Therefore, it is not surprising that several lipogenic regulatory pathways are dysregulated in metabolic disorders and cancer. In metabolic disorders associated with diabetes, the best recognized pathologies are associated with pathways controlled by insulin, PI3K, Akt, and mTOR [2] . These molecules comprise a signaling network with extensive cross-talk as well as divergent upstream control and downstream functions. In type II diabetes, peripheral tissues involved in energy storage become insulin resistant, requiring more insulin production by the pancreas to achieve postprandial glucose clearance through the function of the insulin receptor (INSR) and downstream effects mediated by PI3K, Akt and mTOR [3, 4] . Importantly, the functions regulated by these molecules are among the most commonly dysregulated pathways in all cancers. In breast cancer, this includes gain-of-function mutation of PI3K, loss-of-function mutation of the PI3K negative regulator PTEN, and the amplification and hyperactivation of the receptor tyrosine kinase (RTK) HER2/neu, which shares several downstream effectors with INSR. While superficial differences in the pathological nature of these pathways in metabolic diseases and cancer would suggest they are unrelated, several important linkages exist: humans with features of metabolic disease are at increased risk of developing cancer and metabolic disease often presents with hyperlipidemia and hepatic steatosis, while many cancers exhibit aberrantly high lipogenesis, including HER2/neu-positive breast cancer [5] .
The observation that HER2/neu overexpression in breast cancer confers a lipogenic phenotype has stimulated investigation into this unique metabolism of the transformed state. Our lab and others have found several potentially druggable vulnerabilities stemming from the reliance on certain aspects of this metabolic phenotype [6] [7] [8] [9] . In this review, we begin by briefly introducing many of the lipids made by the cell, and how these lipids are acquired via exogenous sources or made through de novo biosynthesis. Next, we review recent literature investigating the mechanisms of lipogenic pathways in various experimental models, and how these findings could be relevant to breast cancer. This is followed by an introduction to endoplasmic reticulum stress and the unfolded protein response, with a focus on emerging data linking UPR/ER-stress to lipogenic hepatic steatosis and potential parallels with HER2/neu-positive breast cancer fat storage phenotypes. Finally, we summarize established links between lipid dysregulation in metabolic disease and breast cancer, highlight gaps in the research, and speculate how these gaps may be resolved by future research.
Lipids -overview of chemical species and cellular distribution
Lipids play a number of essential physiological roles in all cells. The term lipid collectively describes many different classes of compounds that mainly consist of fatty acids bound to a polyalcohol via an ester bond. Exceptions to this rule are the ether lipids or plasmalogens, in which the fatty acid that is to be incorporated into the lipid is reduced to a fatty alcohol thus forming an ether bond. While plasmalogens make up about 20% of all phospholipids in humans, their specific function has not been fully determined. Plasmalogens have recently been reviewed [10] . The non-ether lipids are subdivided based on the alcohol that serves as the lipid "backbone" and the nature of the polar "head group". Triacylglycerides (TAG) are composed of three fatty acids bound to a glycerol "backbone". These lipids are especially hydrophobic since they lack a polar head group. Substitution of one of the fatty acids in a TAG for a phosphate group forms the simplest phospholipid, phosphatidate (diacylglycerol-3-phosphate). The term phospholipid describes a large variety of lipids that differ in their polar head group. The different phosphoester moieties can be coupled to other alcohols, forming, for example, phosphatidylethanolamine, phosphatidylserine, phosphatidylcholine or phosphatidylinositol. In contrast, sphingolipids are synthesized from the amino alcohol sphingosine, which contains a long unsaturated hydrocarbon chain. A fatty acid is bound to the amino group of sphingosine in an amide linkage, whereas a phosphoester group serves as a linker to one of the aforementioned head groups. Sphingomyelin, a common component of cellular membranes and the most abundant sphingolipid [11] , carries a choline head group. Glycolipids are another type of lipid derived from sphingosine, where, instead of phosphoryl choline, their primary hydroxyl group is bound to single carbohydrate (cerebroside) or to a complex chain of up to seven different carbohydrate moieties (gangliosides).
The distribution of these lipids inside the cell is tightly regulated. TAGs are predominantly found in intracellular lipid droplets whereas phospholipids are the major constituents of membranes. Even within the lipid bilayer that forms the membranes the distribution of individual lipids differs, forming an asymmetry. Glycolipids are always localized to the outer leaflet of the membranes, together with phosphatidylcholine and sphingomyelin, whereas phosphatidylinositols and phosphatidylserines are predominantly localized to the inner leaflet of the membrane [12] .
Another important component of mammalian cell membranes is cholesterol, which can interact with the hydrophobic tails of other lipids as well as with their polar head groups through its hydroxyl group at C1. All of these lipids are synthesized from acetyl-CoA, but the exact pathway differs between the steroids and the fatty acid-based lipids. The latter are synthesized by the multifunctional enzyme complex fatty acid synthase (FASN), whereas the steroids are produced downstream of the mevalonate pathway. The plasmalogens are synthesized in the peroxisomes and utilize the same substrates as the phospholipid synthesis pathway, namely fatty acids and glycerol. The distribution, abundance and modification of these molecules are sensed by a large complement of signaling pathways; a complement that continues to grow. Thus lipids serve as sensitive rheostats relaying information about diverse cellular states to the appropriate cellular machinery to support development and homeostasis. Corruptions of these signaling pathways and sensing mechanisms represent a significant factor in the pathophysiology of cancer and metabolic disease.
Fatty acid uptake
Fatty acids (FAs) can be either synthesized by the cell or be taken up from the "environment". There are two different mechanisms of FA uptake: transporter-mediated uptake and passive permeation. In aqueous media fatty acids are readily absorbed into membranes, where they are protonated, flip-flop into the inner leaflet of the membrane and then desorbed into the cytoplasm. One of the most researched FA transporters is CD36 or fatty acid translocase, an integral membrane protein, which, when overexpressed, increases saturable FA uptake [13] . It has been comprehensively reviewed [14] . Two other families of potential FA transport proteins have been described, the fatty acid transport protein family (FATP, SLC27A1-6) and the acyl-CoA-synthetases (ACSL, 11 members). It is still unclear whether these proteins function as actual transporters or if they facilitate FA uptake by other means. In the case of the ACSL family it is conceivable that they function by trapping the passively diffused FAs in the cytoplasm through the formation of CoA-esters. Members of each family display a certain preference for FAs of various chain lengths and which are commonly denoted as short (b6 carbons, SCFA), medium (6-12 carbons, MCFA), long (12-21 carbons, LCFA) and very long chain fatty acids (22 + carbons, VLCFA). The ACSL family has been reviewed recently [15] .
Most adult tissues take up circulating FAs instead of upregulating de novo FA synthesis. During malignant transformation cells have been shown to upregulate FA synthesis instead of increasing the uptake of exogenous FAs to meet increasing demand for biomass production. This is thought to be part of a general metabolic switch away from a non-proliferative catabolic phenotype to a proliferative anabolic phenotype. The metabolic requirements of cell proliferation are extensively reviewed elsewhere [16] .
Fatty acid/lipid synthesis and regulation

Biosynthetic overview
Cytosolic acetyl-CoA serves as the starting point for fatty acid synthesis. In mammals this pool is derived from glucose, which is catabolized in the cytosol through glycolysis, yielding two molecules of pyruvate, 2 ATP and 2 NADH. Pyruvate is transported into the mitochondria, decarboxylated and condensed to oxaloacetate to form citrate. Citrate can be exported into the cytosol and cleaved by ATPcitrate lyase (ACLY) which generates cytosolic acetyl-CoA and oxaloacetate. Acetyl-CoA carboxylases (ACACA and ACACB) form malonyl-CoA in a biotin-dependent reaction, which is the rate-limiting step in fatty acid synthesis. The multifunctional enzyme fatty acid synthase (FASN) requires one molecule of acetyl-CoA as a chain starter and subsequently prolongs the chain by two carbons for every malonyl-CoA in a decarboxylation reaction followed by complete reduction of each two carbon unit, ultimately forming a saturated fatty acid chain 16 carbons in length (palmitate). Every elongation step requires 1 ATP, 1 malonyl-CoA and one NADPH. The final product can then be shuttled towards lipid synthesis to form either membrane phospholipids or neutral triacylglycerides (TAG). Free palmitate functions as an inhibitor of FASN in a classic example of product feedback inhibition and has been shown to induce oxidative stress in various cell lines [17] . Many enzymes work downstream of FASN to modify palmitate by elongation, desaturation or a combination of both to form a wide variety of FAs. Some of these elongases and desaturases are essential for cell survival and require the supply of exogenous, essential FAs as substrates, i.e. arachidonic acid.
All of these biosynthetic steps require that the FA moiety is bound to some kind of coenzyme A derivative. Leonardi et al. have written an excellent review on the biology of Coenzyme A [18] . In a state of increased lipogenesis it is conceivable that there is an increased requirement for CoA production and thus elevated pathway flux. In the case of HER2/neu positive breast cancer cells, treatment with the CoA-pathway inhibitor homopantothenate reduced the levels of stored fats and decreased cell viability. Knockdown of pantothenate kinase (pank) and coenzyme A synthase (COASY) using shRNAs also specifically decreased the viability of HER2/neu positive breast cancer cells (Baumann et al., unpublished results). Interestingly, COASY has been shown to interact with the PI3K pathway as well as with the mTOR/S6K pathway [19, 20] . The cytosolic pool of Acetyl-CoA that feeds the lipogenic phenotype is uniquely poised to serve as a rheostat for the metabolic state of the cell. Acetyl-CoA levels have been linked to histone acetylation, changes in gene expression, metabolic control and proliferation [21] [22] [23] .
The importance of the fatty acid synthesis pathway in breast cancer cells has been appreciated since the discovery that FASN is induced by progestin [24] . Subsequently, FASN has been investigated as a potential target for anti-neoplastic therapy in general [8, 25] . There is evidence to suggest that in the special case of HER2/neu-positive breast cancer lipids and lipogenesis play a more important role compared to other breast cancer subtypes. HER2 has been shown to upregulate FASN transcription and increases de novo fatty acid synthesis. Both of these effects can be blocked by pharmacological inhibition of HER2/neu. Interestingly, this link between HER2/neuand FASN seems to be bi-directional. Vasquez-Martin et al. have shown that overexpresssion of FASN in MCF10A and HBL100 breast epithelial cells results in oncogenic properties, including colony formation in soft agar and upregulation and activation of endogenous HER1 (EGFR) and HER2/neu [26] . Cells that were rendered resistant to treatment with Herceptin could be resensitized by FASN inhibition [9] . In addition to the transcriptional link between HER2/neuand FASN, Jin et al. found that FASN is directly phosphorylated by HER2/neu and that this phosphorylation resulted in increased synthetic activity [27] . In agreement with earlier observations, our lab determined that HER2/neu-positive breast cancer cell lines showed increased levels of stored fats compared to other HER2/neunormal cell lines [7] . The endproduct of fatty acid synthesis, mainly free palmitate, has been shown to be cytotoxic to cells, unless it can be shuttled towards TAG synthesis [7, 17, 28] .
Regulation of lipid biosynthesis
The PPARγ binding protein (PBP) is located in the common region of HER2/neuamplification on chromosome 17q12-21 and has been shown to be frequently co-amplified along with HER2/neu ( Fig. 1 ) [29] . Overexpression of PBP increases the transcriptional activity of PPARγ, a major regulator of cellular fat metabolism and adipogenesis [30, 31] . PPARγ itself is often upregulated in HER2/neu-positive breast cancer and pharmacological inhibition results in increased free fatty acids and apoptosis in HER2/neu-positive breast cancer cell lines [7] . While upregulation of FASN by HER2/neu has been reported to occur at the transcriptional level through the activation of the sterolregulatory element binding protein (SREBP), mTOR-dependent translational upregulation has also been observed [32, 33] . Importantly, the PI3K/Akt/mTOR pathways are potently activated by oncogenic HER2 signaling, and abundant evidence supports a role for Akt and mTOR in the regulation of de novo lipid biosynthesis in experimental models of cancer and metabolic disease.
The lipogenic sterol response element binding protein 1 (SREBP-1) transcription factor pathway has recently been shown to be controlled by Akt/mTORC1 signaling. SREBP-1c is a global transcriptional regulator of lipid and fatty acid biosynthesis machinery that has been shown to positively regulate most genes involved in fatty acid synthesis, including acetyl-CoA carboxylase (ACC) fatty acid synthase (FASN) [34] . FOXO1 negatively regulates this pathway by repressing retinoic acid receptor alpha and liver X receptor alpha (RXRα/LXRα) mediated SREBP-1c transcription [35] . Akt inhibits FOXO transcriptional activity by mediating cytoplasmic FOXO sequestration by 14-3-3 proteins, which ultimately promotes its proteosomal degradation [36] . Therefore, Akt driven inhibition of FOXO proteins may promote SREBP1 transcription under permissive conditions, which could result in conversion of glucose to fat in many organs.
Akt has also been shown to positively regulate peroxisome proliferator activated protein gamma (PPARγ) through a similar FOXO transcriptional repression mechanism [37] . PPARγ and Akt are critical determinants of adipocyte differentiation. This is also achieved at least in part by Akt mediated repression of FOXO1 nuclear localization and transcriptional function. PPARγ transcriptional coactivator activity is repressed by FOXO1, blocking adipocyte differentiation in vitro [37] . Taken together with findings that constitutively active Akt is sufficient to induce adipocyte differentiation in vitro in the absence of hormones and Akt null mice display severe defects in adipocyte development, an Akt/FOXO1/PPARγ driven lipogenesis mechanism has solid experimental support [38, 39] . Given the abundance of TAG accumulation and high degree of Akt activity in HER2/neu-positive breast cancer cells, these pathways may contribute to the unique physiology of HER2/neu-positive breast cancer.
In addition to the Akt/FOXO1/PPARγ lipogenic mechanism, Akt/ mTOR signaling has also been shown to promote lipogenesis through mTOR dependent activation of SREBP1, illustrating an important mode of cooperation between Akt and mTOR in effecting metabolic programs. Under nutrient-replete conditions, SREBP1 is tethered to the inner endoplasmic reticulum membrane. Under conditions in which the cell experiences low cholesterol concentrations in the ER membrane, SREBP1 is trafficked to the Golgi apparatus, where it is proteolytically processed, ultimately resulting in localization of the n-terminal fragment to the nucleus. In the nucleus, SREBP1 activates transcription of lipogenic genes, promoting lipid and cholesterol biosynthesis [40] . Experiments in which mTOR was inhibited by rapamycin have shown that mTORC1 positively regulates this phenomenon. Rapamycin blocks nuclear accumulation of SREBP, SREBP gene expression and SREBP target gene expression in mammalian cells, even under conditions in which Akt is constitutively activated [41, 42] .
Perhaps the most direct evidence supporting mTOR mediated SREBP regulation was the recent finding involving the functional consequence of mTOR catalyzed phosphorylation of the lipid phosphatase Lipin 1. Peterson et al. established a mechanism whereby mTOR directly affects SREBP1 transcriptional activity in a rapamycin insensitive manner. Using newly available selective ATPase competitive mTOR inhibitors, Lipin 1 was shown to be a rapamycin insensitive mTOR substrate. Lipin 1 negatively regulated SREBP1 nuclear localization and transcriptional activity when mTOR was inhibited, and these effects were abrogated by transfection with a constitutively active Lipin 1 construct [43] . Lipin 1 is a phosphatase best characterized in catalyzing the dephosphorylation of phosphatidate in the TAG synthesis pathway in the cytoplasm. As nuclear localization and activity of lipin 1 is associated with inhibition of lipogenic phenotypes, mTOR likely regulates this pathway by modulating Lipin 1 localization and activity. It is tempting to speculate that Lipin 1 may transduce lipogenic repression signals when mTOR is inhibited, as inhibition of mTOR results in Lipin 1 nuclear translocation and transcriptional repression of lipogenic pathways [43] . Importantly, Lipin 1 expression had previously been shown to be induced by peroxisome proliferator-activated receptor gamma, coactivator 1 (PGC-1) and to subsequently cooperate with peroxisome proliferator-activated receptor alpha to suppress lipogenesis in vitro and in vivo [44] . Interestingly, cytosolic Lipin 1 phosphatidate phosphatase activity produces diacyl glycerol, which is proposed to indirectly inactivate Akt through protein kinase A activation [45] . Also of note, Lipin 1 phosphatase activity catalyzes the dephosphorylation of phosphatidate [46] , which is a potent activator of mTOR activity (discussed later in this review) [47] . This suggests that Lipin 1 or the related phosphatidate phosphatases Lipin 2 or Lipin 3 could contribute to mTOR inhibition under catabolic cellular contexts. Whether this reciprocal Lipin mediated mTOR inhibition pathway exists and influences these central lipogenic pathways in breast cancer deserves further review, as deregulation of Akt, mTOR and de novo lipogenesis are hallmarks of many diseases, including breast cancer. These observations, along with activation of mTOR downstream of HER2 and the lipogenic phenotype of HER2/neu-positive breast cancer cells, suggest that these mechanisms may be operative in HER2/neu-positive breast cancer cells, and should be investigated in this context.
In addition to PI3K/Akt/mTOR mediated regulation of lipogenic transcriptional programs, the enzyme responsible for the rate limiting step of FA synthesis, ACACA, has also been implicated in breast cancer pathogenesis. Notably, this occurs via cooperation with a common genomic lesion with a causal linkage to breast cancer pathogenesis. The breast cancer susceptibility gene 1 (BRCA1), mutations in which can be found in about 50% of all breast cancer cases, binds to phosphorylated (inactive) ACACA and stabilizes this inactive state [48, 49] . Many mutations in BRCA1 can be found in the c-terminal, phosphoproteinbinding domain, which results in a hyperactivated ACACA and an upregulation of de novo fatty acid synthesis [50] . ACACA function has also implicated breast cancer cell motility and invadopodia formation [51] . Pharmacological inhibition of ACACA induces apoptosis in breast cancer cells [37] . Both FASN and ACACA have been suggested as novel therapeutic targets for breast cancer [52, 53] . This direct repressive interaction between the BRCA1 tumor suppressor and the core fatty acid biosynthetic machinery further supports a requirement for a lipogenic phenotype in cancer cells.
The unfolded protein response and endoplasmic reticulum stress promote lipogenesis
The unfolded protein response (UPR) pathway has recently been shown to trigger increased lipogenic capacity [54, 55] , and is an emerging feature of many forms of cancer [56] . The canonical UPR/ ER-stress pathway is described as a cellular stress response to unfolded proteins in the lumen of the endoplasmic reticulum, wherein the protein folding, glycosylation and quality control machinery are overwhelmed by high levels of protein synthesis or defective progression through these pathways. Eukaryotes have developed three parallel pathways that act in concert to adapt to conditions that overwhelm the ER's protein folding capacity. The first pathway acts through protein kinase-like endoplasmic reticulum kinase (PERK) to reduce global protein synthesis by phosphorylation of eIF2α. This disrupts translation initiation by blocking the eIF2B GEF activity, trapping eIF2α in a repressed GDP bound state and decreasing the transfer of Met-tRNA to the 40S ribosomal subunit [57, 58] . The second pathway acts through endoplasmic reticulum to nucleus signaling 1 (IRE1). IRE1 is activated in response to ER-stress, which leads to a non-canonical splicing mechanism wherein the mRNA transcript of X-box binding protein 1 (XBP1) is spliced to give rise to a transcriptionally active variant that upregulates many genes involved in the UPR/ER-stress including many resident ER protein folding chaperones [59] . Lastly, activating transcription factor 6 (ATF6) activity is induced by ER-stress. ATF6 is a transmembrane ER protein that is proteolytically processed in response to ER-stress, leading to its translocation to the nucleus and activation of target gene expression. As with XBP1, ATF6 target genes include several ER chaperone proteins, promoting adaptation to increased demand on the ER protein folding and quality control machinery [60] . High intensity or prolonged duration of UPR/ER-stress can lead to apoptosis through induction of the proapoptotic regulator DNA-damage-inducible transcript 3 (DDIT3/ CHOP) [61] . In addition to the canonical pathways induced by ER-stress, lipogenesis has recently been described as an additional output. This could represent a mechanism to satisfy increased demands on the functional lipid components of the ER.
Lipogenic UPR/ER-stress has been implicated in the etiology of fatty liver disease and hepatic steatosis, wherein excess dietary calorie or alcohol consumption results in excessive hepatic fat accumulation. This is thought to occur not only through exogenous fatty acid uptake, but also through endogenous de novo lipid and fatty acid biosynthesis pathways. Importantly, several studies have shown that UPR/ER-stress leads to SREBP transcriptional activation and de novo lipogenesis [62] [63] [64] . Dissection of each arm of the UPR/ER-stress pathway yielded insights into the mechanism by which SREBP is activated in this fashion. Rutkowski et al. employed a series of transgenic mouse models deficient in each of the three pathways in the UPR that are commonly initiated by ER-stress: Atf6−/−, Ire1 −/−, and eIF2α dominant negative (eIF2α S51A) mice enabled the study of the differential physiology of each of the canonical arms of the pathway. Each model showed impaired resolution of UPR/ER-stress after tunicamycin challenge, a drug known to induce UPR/ER-stress in experimental models. All transgenic animals developed hepatic steatosis, while the wild type mouse was able to overcome the challenge and maintained normal liver physiology. In Atf6−/− mice, this affect was mediated by impaired β-oxidation through lower C/EBP transcriptional activity. eIF2α dominant negative mice with defective UPR/ER-stress induced Ser51 phosphorylation and Ire1−/− mice also showed hepatic lipid accumulation, although the mechanisms driving this phenotype are not as clear as the C/EBP transcriptional defects in Atf6−/− mice [64] . These data link UPR/ER-stress to impaired β-oxidation of fats in hepatic steatosis. Recent findings have also linked the mTOR pathway with UPR/ER-stress [65] .
Apart from pathophysiological states, important regulators of ER-stress have been found to be essential for the homeostasis of lipid metabolism. Experiments by Sha et al. indicate that IRE1-alpha and XBP-1 are required for adipogenesis in mouse embryonic fibroblasts [66] . Lee et al. have shown that XBP-1 expression is required for normal fat metabolism in the liver of mice on a carbohydrate-rich diet. Deletion of XBP-1 resulted in severe hypocholesterinemia and hypotriglyceridemia [67] . Similarly, overexpression of GADD34, the phosphatase that acts on ser51-phosphorylated eIF2α, resulted in decreased hepatic steatosis in mice on a high fat diet [68] . XBP-1 has also been shown to regulate ER-biogenesis which correlated with increased activities of choline cytidylyltransferase and cholinephosphotransferase as well as elevated levels of phosphatidylcholine [69] . Experiments in mice have shown that the ER-stress regulator PERK is required for the development of milk-secreting mammary gland epithelial cells. PERK was found to induce lipogenesis and loss of function resulted in markedly reduced levels of FASN, ACLY and stearoyl-CoA desaturase 1 (SCD1) as well as altered lipid content of milk secretions [70] . Pharmacological induction of UPR/ER-stress in hepatoma cells resulted in lipid droplet formation and increased expression of many pro-lipogenic proteins including PPARγ, ACACA, SCD1 and LXRα. The same pro-lipogenic signature was observed when an activated form of XBP-1 was expressed [71] . As mentioned earlier in this review, LXRα is a potent inducer of SREBP1 and is suppressed by FOXO1.
Kammoun et al. studied the effects of insulin and ER-stress induced SREBP1 activation and resultant lipogenesis phenotypes in mice. They were able to block the effects of both routes to SREBP1 activation by overexpressing a single ER chaperone protein, heat shock 70 kDa protein 5 (GRP78), in the livers of obese mice. In a series of experiments, the authors showed that ER-stress and insulin mediated SREBP1 activation could be blocked by overexpressing GRP78, resulting in decreased hepatic lipid accumulation, attenuated UPR/ ER-stress marker expression and improved insulin sensitivity and glucose tolerance [72] .
It is important to note that acute stress can result in catabolic effects of the UPR/ER-stress pathways, resulting in effects counter to those reviewed here. These differential effects likely reflect contextual differences in the initiation, intensity, and/or duration of UPR/ER-stress, and conform with well-established observations of UPR/ER-stress resolution through tolerance and adaptation or apoptotic pathways [73] .
mTORC1 negatively regulates lipolysis
Consistent with a prolipogenic metabolic program, mTOR has also been shown to negatively regulate lipolysis. Two independent labs investigated the effect of mTOR activation and inhibition on lipid storage in the 3T3-L1 adipocyte model using orthogonal approaches. Chakrabarti et al. found that hyperactivation of mTORC1, either by ectopic overexpression of constitutively active Rheb (the small GTPase that activates mTORC1), or by genetic ablation of the mTORC1 negative regulator TSC2, enhanced lipogenesis through transcriptional repression of the major lipases adipocyte triacylglycerol lipase (ATGL) and hormone sensitive lipase (HSL) [74] . In reciprocal experiments, inhibition of mTORC1 activity by rapamycin or RNAi mediated knockdown of the essential mTORC1 component RAPTOR resulted in decreases in TAG stores, with concomitant upregulation of ATGL protein levels. Consistent with these findings, in vivo analysis of white and brown adipose tissues in mice treated with rapamycin showed increased ATGL levels, confirming the mechanism in a physiologically relevant model [74] . In a parallel study of mTORC1 in 3T3-L1 adipocytes, Soliman et al. showed that rapamycin blocked insulin stimulated TAG accumulation, and enhanced β-adrenergic cAMP/PKA stimulated lipolysis, further supporting a model in which mTORC1 augments TAG accumulation by inhibiting lipolysis pathways [75] . While these studies implicate mTORC1 in a lipogenic phenotype, several gaps in the mechanistic details remain, and defining the connectivity of the intermediary machinery that affects these processes will be critical to eventually exploit these pathways therapeutically. Additionally, it remains to be seen whether these pathways are operative in the lipogenic phenotype of HER2/neu-positive breast cancer cells. If HER2/neu-positive cells use these pathways to promote TAG storage, application of combination therapies including mTOR inhibition and PKA agonists may prove useful in combating this subtype of breast cancer.
Lipid signaling in anabolic metabolism
Importantly, lipids are prominent signaling molecules. Several lipid species play important roles in transducing signals that direct diverse cellular physiologies through innumerable effectors. Given the enormity of this field, we focus our discussion on lipid signaling mechanisms relevant to the biology discussed above.
Phosphatidylinositide kinases and phospholipase D -lipid signals converge on lipogenesis through activation of mTOR
Phosphoinsitides are important constituents of cellular plasma and endomembranes and play an integral role in the instigation of numerous signaling pathways. Given the extensive body of literature reviewing the regulation of phosphoinositides and phosphatidate, we briefly review recent literature elucidating how signaling through PI3K, PI5K and PLD and the lipid products formed by these enzymes impinge on Akt and mTOR, with probable links to metabolic phenotypes discussed above. For comprehensive overviews of these pathways, see recent reviews [47, 76, 77] .
Among myriad other functions, the lipid second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3) instigates a singling cascade that results in activation of Akt and mTOR. Upon generation of PIP3 by activated PI3K, proteins containing PH domains which are competent to bind these lipids localize to the plasma membrane. The PH domain containing protein 3-phosphoinositide dependent protein kinase-1 (PDPK1) binds PIP3, activating its kinase activity [78] . Simultaneously, Akt isoforms are also localized to the plasma membrane by virtue the PIP3 affinity of its PH domain, and activated PDPK1 phosphorylates Akt isoforms on a key threonine residue in the kinase activation loop (Thr308) [79, 80] . Importantly, insulin and other growth factors also stimulate Akt phosphorylation on a key Akt hydrophobic motif regulatory serine (S473), resulting in full activation of Akt kinase activity. This has been shown to be regulated by the mammalian target of rapamycin kinase in the rapamycininsensitive companion of mTOR (RICTOR) containing complex 2 (mTORC2) kinase [81] . Also notable are recent reports that mTORC2 is responsible for cotranslational phosphorylation of Akt on Thr450, which is critical to maintain stability of Akt [82] . The mechanisms by which growth factors promote these Akt directed mTORC2 activities are poorly understood, but this high degree of functional interaction between mTOR and PI3K/Akt signaling is critical to the effective transduction of insulin signals. Downstream of growth factor/PI3K/Akt/ mTOR signaling, metabolic pathways affecting glycogen synthesis, lipogenesis, and protein synthesis are activated depending on the cellular and developmental context. Importantly, these molecules are activated in HER2/neu-positive breast cancer cells, and mutational activation of PI3K is among the most common genetic lesions in other forms of breast cancer [83, 84] . mTOR is activated downstream of PIP3 by an Akt dependent mechanism in a well characterized pathway involving Akt mediated phosphorylation and inhibition of the mTOR inhibitor TSC2 [85, 86] . In addition to PIP3/Akt mediated activation, mTOR requires additional inputs for maximal activation, including amino acids, permissive oxygen levels, and the additional lipid second messenger phosphatidate [47, 86, 87] . mTOR promotes global anabolic metabolism, integrating growth factor, nutrient and stress signals to regulate myriad metabolic programs, including lipogenesis. Although best studied in the context of growth factor and amino acid sensing, mTOR is also regulated by lipids. Recent work has shown that mTORC1 and mTORC2 are positively regulated by phosphatidate (PA). PA binds mTOR in a manner that competes with rapamycin. Recent NMR structural analysis of the mTOR rapamycin binding domain in complex with PA provides a physical basis for this competitive binding phenomenon [88] . While PA can be generated by three distinct biochemical reactions, the most important source of PA in the activation of mTOR in cells appears to be derived by phospholipase D (PLD) [47] . Importantly, PLD derived PA was shown to regulate both mTOR complexes. Overexpression of dominant negative PLD1 or PLD2 diminished mTORC1 and mTORC2 activities as demonstrated by a potent reduction in ribosomal protein S6 kinase (p70S6K) threonine 389 phosphorylation and Akt serine 473 phosphorylation, respectively [89] . These results demonstrate that lipid signaling is necessary for mTOR signaling, and provides a mechanistic basis for the observed effects of rapamycin on both complexes.
Palmitoylation/acylation/prenylation
Acylation refers to the post-translational modification of a protein with a carbon chain derived from a fatty acid. While there are many different types of acylation reactions, classified by the chain length of the fatty acid, myristoylation (C14) and palmitoylation (C16) are among the most common. Myristate is usually linked to the N-terminal glycine of a protein in an amide linkage, whereas palmitate is often connected to cysteine residue via a thioester bond. Prenylation uses farnesylas well as geranyl-or geranylgeranyl-residues in place of fatty acids. These post-translational modifications are capable of changing the subcellular localization of the modified protein and can serve as a membrane anchor. Acylation/prenylation can also affect protein stability and it is quite common to find different types of modifications in the same protein [90] . The most prominent and probably the most researched target of acylation is the small G-protein Ras. When modified by both farnesyl and palmitate, 95% of H-ras is membrane bound and fully active. In contrast, farnesyl lipid modification of H-ras alone decreases membrane recruitment to about 10% and its biological activity is extremely decreased [91] .
Many members of the src family of tyrosine kinases are posttranslationally acylated, which regulates membrane recruitment and thus signaling activity [92] . Several src-family members have been implicated in breast cancer pathologies, but the exact role of acylation in these processes remains to be elucidated [93, 94] . Pharmacological blockade of src-family tyrosine kinase activity is being investigated as a potential therapy for breast cancer [95] , and since membrane recruitment is required for kinase activation it is tempting to speculate that inhibition of protein acylation could result in similar effects. Other important players in breast cancer have been shown to be acylated as well. For example, ERα is palmitoylated on cys-447 and can thus be recruited to the plasma membrane where its signaling effects differ profoundly from those known to occur through nuclear ER [96, 97] . Hsp27 has been shown to promote palmitoylation of ERα and this function is required for the correct receptor trafficking to the plasma membrane [98] .
Palmitoylation reactions are facilitated by palmitoyltransferases. These enzymes are characterized by a conserved aspartate-histidinehistidine-cysteine rich domain, approximately 55 amino acids in length. 25 of these DHHC proteins have been identified in humans [99] . While there is still not much known about individual DHHC proteins, their substrates and their effect on cell physiology, one study reported that overexpression of DHHC20 in NIH3T3 cells resulted in colony formation in soft agar, reduced contact inhibition as well as increased proliferation. Unfortunately, this could not yet be linked to the palmitoylation of a specific substrate [100] . Porcupine (PORCN), an O-acyltransferase which plays a role in the wnt signaling pathway, seems to be important for the proliferation of MDA-MB-231 breast cancer cells. This effect appears to be independent of the wnt signaling pathway, since siRNA mediated knockdown of PORCN regulates a different set of genes compared to wnt inhibitors [101] .
Breast cancer and obesity
Although there is limited evidence to suggest that total dietary fat intake is a cause of breast cancer, many epidemiological studies have looked at correlations between body weight and a number of breast cancer statistics including cancer incidence and patient survival. Several meta-analyses have summarized the epidemiological data gathered over the last 3 decades, concluding that high body mass index (BMI) is significantly correlated with increased death rates for all types of cancers. Death rates that are 52% higher for men and 62% higher for women compared to the rates for men and women of normal weight have been reported [102] .
In the specific case of breast cancer, which is often times dependent on the hormonal status of the patient, subdivision into pre-and postmenopausal breast cancer patients was needed to obtain conclusive results. Interestingly, some studies suggest that increased body mass is correlated with a risk reduction in the case of pre-menopausal breast cancer. This phenomenon is reversed when the epidemiological data for post-menopausal breast cancer is scrutinized. In those cases increased body mass is significantly correlated with greater risk of cancer occurrence as well as with reduced survival rates [103] . The World Cancer Research Fund (WCRF) and the American Institute for Cancer Research (AICR) issued a report in 2007 in which a panel of experts evaluated the epidemiological and experimental data in the literature on obesity and cancer to come up with guidelines for the general public. The panel concluded that in the case of pre-menopausal breast cancer there is some evidence to suggest that weight loss would have a preventative effect. In the case of post-menopausal breast cancer there is strong evidence to suggest that excess body fat has a causative relationship with breast cancer development.
In these studies, when data are adjusted for total serum estrogen levels, the correlation with BMI is lost, suggesting a hormonal influence of obesity on cancer development [104] . Some studies have reported that a high fat diet can result in increased estrogen concentrations in the serum, potentially through increased de novo synthesis [105] . In general, we can summarize that women with breast cancer who are obese have a higher risk of adverse events than women with breast cancer who are not obese. However, no study has elucidated the causal mechanism(s) and there is currently no evidence that weight loss after diagnosis improves survival [106] . Some studies have looked at histopathological markers that are frequently associated with breast cancer, such as estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2/neu) expression. In the case of pre-menopausal women who are obese, a significantly greater risk of developing triple-negative breast cancer has been reported by at least two studies [107, 108] . One study reported a significant correlation between BMI and ER positive breast cancer subtypes [107] . No significant correlation has been reported for HER2/neu expression and BMI.
Creighton et al. performed a gene expression analysis in tumor samples that were classified according to the BMI of the patient and identified a 662 gene signature that was mostly congruent with gene expression patters related to insulin-like growth factor (IGF-1) signaling [109] . IGF-1 regulates many genes associated with cell proliferation, metabolism, and DNA repair and is highly correlated with poor prognostic outcome [110] . In mice, a high fat diet correlated with higher levels of insulin, leptin and IGF-1 which results in increased signaling through PI3K as well as MAPK/p38, which have been previously linked to uncontrolled cell proliferation [111] . IGF-1 stimulates cell proliferation and inhibits apoptosis. The biologically active concentration of IGF in the blood is determined by the concentration of its main binding protein IGFBP-3. Usually more than 90% of all IGF molecules are bound to binding proteins. In the case of obesity the levels of IGF-binding proteins are decreased, resulting in a greater effective concentration of free IGF even though the total levels of IGF may not change [112] . Insulin and free IGF-1 are also able to regulate the synthesis and bioavailability of sex steroids, particularly estrogen and progesterone, which affect the development and progression of breast cancer. By downregulating the hepatic synthesis of the sex hormone-binding globulins (SHBG) this phenomenon increases the bioavailability of steroid hormones very much like the decrease in IGFBP increases the availability of IGF-1 [113] . In addition to the effects of insulin on the bioavailability of sex hormones, adipose tissue itself increases the concentration of circulating estrogens in men and postmenopausal women through the aromatization of androstenedione to estrone [114] . In postmenopausal women, ovarian production of estrogen falls to very low levels and the adipose is the primary source of circulating estrogen [115] . Whether free fatty acids or their albuminbound counterparts have a direct effect on the signaling of tumor cells or the tumor-associated stroma remains to be elucidated.
Conclusions
Cancer cells within solid tumors are composed of a highly dynamic microenvironment that is often characterized by stressful conditions including increased acidity, mild to severe hypoxia and fluctuating nutrient availability. It has been shown that under mild stress conditions UPR/ER-stress induction is essential for cell survival and is activated in a range of human tumors, including breast cancer [65, [116] [117] [118] . Activation of UPR/ER-stress results in the initiation of transcriptional programs that regulate glucose and lipid metabolism [67, 119] . This is especially interesting in light of the recent renaissance in the field of tumor metabolism and how it relates to Otto Warburg's initial finding of aerobic glycolysis in tumor cells [120] .
UPR/ER-stress has been shown to regulate mitochondrial metabolism through the mitochondria associated membrane (MAM) Ca 2+ signaling [121] . Ca 2+ levels regulate the activity of several key enzymes in the TCA cycle, including isocitrate dehydrogenase, alpha-ketoglutarate dehydrogenase and pyruvate dehydrogenase [122] . The UPR/ER-stress response may work in concert with tumorigenic genetic lesions to fine tune metabolism, sustaining the requirements for robust cellular proliferation in a hostile environment. The activation of the mTOR pathway through constitutively active HER2/PI3K/Akt signaling has the potential to promote the ER-stress response in these cancer cells [123] . It is important to note that mTOR activity has been shown to be increased in obesity, providing a potential link between tumor cell metabolism and an obesity related increase in risk of developing breast cancer [124] . The activation of the unfolded protein response in cancer has also been associated with poor clinical outcome. Nagelkerke et al. have shown that hypoxia is able to induce the PERK-ATF4 arm of the UPR, resulting in increased motility and migration. This suggests a role for UPR/ER-stress in the metastasis of breast cancer [125] . Induction of UPR/ER-stress in cancer cells may be important in determining therapeutic outcome as it has been implicated in the development of resistance to various chemotherapeutics such as doxorubicin and anti-estrogens [118] .
Our current understanding of breast cancer points to the importance of lipid synthesis and lipid related signaling alterations in the cells that cause this disease. Continued efforts will explore the molecular mechanisms involved. In many cases, previous studies performed in non-cancerous cell types will provide a roadmap. For example, the acquisition of a lipogenic phenotype by HER2/neu-positive breast cancer cells that is not seen in HER2/neu-normal mammary epithelial cells, suggests that some of the same pathways regulating lipogenesis seen in adipocytes and hepatic steatosis are operative in HER2/neu-positive breast cancer cells. Fatty acid synthesis results in consumption of NADPH which indirectly leads to NAD+ regeneration which in turn supports the continued high levels of anaerobic glycolysis required by breast cancer cells for survival. The enhanced NAD+ regeneration afforded by fatty acid synthesis in HER2/neu-positive breast cancer cells is well substantiated by experiments demonstrating palmitate toxicity, increased fat storage and the reliance on the prolipogenic transcription factors, NR1D1 and PBP [6, 7, 17, 28] . That these breast cancer cells have borrowed heavily from the lipid metabolism repertoire of both liver and adipocytes for their continued survival is a situation that is likely repeated in other cancers.
